Ejection phase indices of left ventricular myocardial performance, mean velocity of circumferential fiber shortening (mVcf), mean systolic ejection rate (mSER), and ejection fraction (EF) were determined in 248 pediatric patients, utilizing left ventricular projections of cineangiograms. Heart rate significantly affected mVcf and mSER values in the normal group (r = 0.74, 0.79, respectively). A method for heart rate compensation was presented, utilizing a ratio of actual value to expected normal value (A/E) for that heart rate. All indices were significantly lower in the myocardial disease group (12 patients) 
SEVERAL WIDELY USED INDICES developed
for assessment of left ventricular myocardial performance depend on the presence of an isovolumic phase of contraction, but this phase is lacking in many forms of congenital and acquired cardiac lesions. In addition, some indices do not permit patient-topatient comparison because of differences in heart size. Recently several investigators have stressed two concepts which deal with these problems. First, it has been demonstrated by one group of investigators that in adults ejection phase indices are equal or superior to isovolumic phase indices in separating normal and abnormal myocardial performance.', 2 Secondly, emphasis has been placed on the concept of normalized velocities of various measurements,`6 allowing patient-to-patient comparison.
The purpose of this paper is to study left ventricular myocardial performance in infants and children with normal left ventricles and in those with congenital and acquired cardiac lesions, utilizing ejection phase indices and normalized velocity measurements.
Methods Two hundred forty-eight infants and children undergoing diagnostic cardiac catheterization and selective cine-traced on paper. Heart rate was determined from the angiograms by counting the number of frames from end diastole to end diastole. Ejection time was also determined from the angiograms by counting the number of frames from the opening to the closing of the aortic valve; or from the beginning of the first visible decrease in ventricular volume to the initial time of minimum volume, whichever was longer.
In patients in whom satisfactory biplane cineangiograms were obtained, three indices were determined: ejection fraction and two normalized velocity measurements, mean velocity of circumferential fiber shortening and mean systolic ejection rate. Ejection fraction (EF) was calculated as the difference between left ventricular end-diastolic and end-systolic volumes, divided by end-diastolic volume. Mean velocity of circumferential fiber shortening (mVcf) was calculated as the difference between the minor axis of the left ventricle (L2) in end diastole and end systole, divided by L2 in end diastole, divided by ejection time. L2 was calculated from the area of the frontal projection (AF) and the long axis (LJ) by the formula: L2 = 4AF/rL,. Values were expressed in circumferences/second.
Mean systolic ejection rate (mSER) was calculated as the difference between end-diastolic and end systolic left ventricular volumes, divided by end diastolic volume, divided by ejection time; or as ejection fraction divided by ejection time. Values were expressed in volumes/second. For all Circulation, Volume 52, November 1975 three indices, which were normalized by division by the end-diastolic value, no correction for X-ray magnification was necessary. In cases where good biplane films were not available, only mVcf was determined.
Left ventricular volumes were determined by the standard biplane area-length method,7 assuming the ventricle to be an ellipsoid of revolution. The long axis was taken as the longer of two lines drawn from the center of the aortic valve to the apex in the frontal and in the lateral projections Numbers in ( ) following diagnosis indicate peak systolic gradient across an area of stenosis of the ratio of pulmonary-to-systemic blood flow in shunting lesio'ns. The number in () following the diagnosis in patient #11 is the peak systolic gradient from main pulmonary artery to right ventricle.
Abbreviations as in well, but one had a history of heart failure in infancy and had received digitalis. The patient with a high mSER (A/E) value had high normal values for all other indices. He had a mild form of cor triatriatum and a small atrial septal defect; he was completely asymptomatic and on no drugs. fig. 3 Average EF and mSER were below normal for the subgroups of mitral and aortic insufficiency only (P < 0.05-0.01), and not for the total group. Average mVcf, actual and A/E, were decreased for the total group and all subgroups except patent ductus (P < 0.05-0.001). Average mSER (A/E) was decreased only in the group with large ventricular septal defect (P < 0.025). For patent ductus, average mVcf and mSER were increased (P < 0.05, < 0.025, resp.). While there was significant difference of various subgroups and the total group from normal for some indices, there remained considerable overlap of individual values with the normal range. MVcf (A/E) identified the greatest number of abnormally low patients (14) . Eleven had low mSER (A/E) and nine had low mVcf. Patients in this group with elevated actual indices all had a patent ductus, and of four with elevated A/E ratios, two had a patent ductus, one had a large ventricular septal defect, and one had mitral insufficiency. Average values for all indices were normal ( fig. 5 ). No individual had decreased actual indices, but one had decreased A/E values for mVcf. There was one patient with increased mVcf and mSER, and three with increased mSER (A/E). One patient had very high mVcf and mSER. He had a heart rate of 213. His A/E ratios were both normal. As shown in table 5 and figure 5 , patients with moderate to severe pressure loads could not be separated from those with mild pressure loads by any of the indices, and neither subgroup was significantly different from normal for any of the indices.
Comparison of Indices
MVcf and mSER were associated with end diastolic volume and with end diastolic volume index for the normal group but the wide scatter of data made prediction of indices from end diastolic volume highly inaccurate. In the group with myocardial disease there were no apparent relationships. In the normal group there was a strong correlation of mVcf with mSER (r = 0.92). The correlations with EF (r = 0.51) and mSER with EF (r = 0.44) were quite weak and the scatter of points was considerable. A similar trend was evident in the abnormal groups, with the best correlation seen between mVcf and mSER for all groups (r = 0.68-0.89) but the group with myocardial disease. In that group mSER and EF showed the best correlation (r = 0.81).
MVcf (A/E) identified the most patients with low values (32) in all groups, and in the group with myocardial disease, was the only index to completely separate it from normal. Next abnormal patients and failed to identify as abnormal four patients with myocardial disease. Ejection fraction was equal to or better than mSER in identifying abnormal patients in all groups, and in only one group was the P value better for mSER.
Discussion
Determination of ejection phase indices of myocardial function in infants and children has obvious advantages. No specialized equipment or manipulations are required, routine diagnostic cineangiograms can be utilized, and the indices can be measured in lesions where there is no isovolumic phase of contraction.
Since normalized values are used, patient-topatient comparison can be made and no correction for X-ray magnification is necessary. MVcf and EF have also been determined noninvasively by echocardiography,ff 8-1 and so determined would be ideal for frequent follow-up studies.
However, theoretical and practical objections can be raised to the use of such indices. The most important objections are based on these four considerations: 1) definition and determination of "ejection time"; 2) the effects of preload and afterload; 3) the effects of changes in left ventricular configuration; and 4) the effects of areas of dyssynchronous contraction. In addition, we would like to add 5) the effects of heart rate.
Both Dyssynchronous areas of contraction certainly might lead to changes in a single cord measurement. This is rarely a problem in pediatrics, but is an important consideration in adults. Again, use of calculated minor axis for mVcf, or use of mSER should be valid in these patients for assessment of over-all left ventricular myocardial performance.
The effect of heart rate on measures of contractility and myocardial performance has been noted experimentally in isolated papillary muscle preparations and intact mammalian hearts.2'-24 To our knowledge this effect has not been studied by other investigators in regard to ejection phase indices. Since our study group exhibited a wide range of heart rates -48 to 213 -the effect was quite evident. It was not possible in this study to separate the effects of tachycardia alone from the effect of increased inotropic state due to increased catecholamine release. However, the straight line relationship over a wide range of heart rates made the variation of normal mVcf and mSER with heart rate predictable whatever the cause. This relationship seems valid over a range of heart rates from 80-150, when most of the observations were made.
We have previously presented a method of heart rate correction based on the relationship of mVcf values in a group of normal patients to heart rate.25
However, the validity of application to abnormal patients of a heart rate correction based on the response of normal patients is yet to be established. The technique presented here, comparison of an actual value for a patient with an expected normal value at that patient's heart rate, yields a useful, and we believe, valid ratio which compensates for heart rate effect. Although the ratio made little difference in average values for the groups, for many individual patients there was considerable difference. In this study the effect was seen primarily in patients with tachycardia, where in several instances depressed myocardial performance was masked by the heart rate effect. Equally important, a smaller number of patients with slow heart rates and depressed indices could be reclassified as having normal myocardial performance using A/E ratios. It is this heart rate effect which is primarily responsible for our findings of high actual values in some patients.
However, using A/E ratios to compensate for heart rate effect gave even more patients with Several cardiac lesions present multiple effects to be considered. Patients with mitral and aortic insufficiency, patent ductus, and ventricular septal defect all have decreased impedence to emptying, increased volume, and change in left ventricular configuration due to dilatation. All effects have been discussed separately, and the first, decreased impedence, seems to have the most influence on mVcf. These patients should have increased mVcf, but in fact several, with the exception of those with patent ductus, have decreased indices. This is in agreement with the findings of other investigators5' 6, 10, 32 and is indicative of myocardial damage from long term volume load or coronary artery disease in older patients, or perhaps myocardial damage from rheumatic carditis. As the indices are lower in large ventricular septal defects than in smaller defects, the size of the load is no doubt important. All of these patients were receiving digitalis and had a history of congestive heart failure. It may well be that recovery from heart failure is not complete in at least some cases.
In comparing the three indices, there was good correlation of each with the others, but with discordant points. mVcf was somewhat superior to EF and distinctly superior to mSER in identifying patients and groups of patients with depressed myocardial function. mSER (A/E) was superior to all three actual indices, but mVcf (A/E) was the. most sensitive of all. These findings are in agreement with previous reports by others comparing mVcf and EF, primarily in adults, and in finding mVcf to be superior in separating normal and abnormal.2' 3, 9 8, 9, 10, 33 In the Circulation, Volume 52, November 1975 924 pediatric age group, compensation for heart rate effect provides better identification of abnormal patients. In summary, it is possible to identify patients with obviously depressed myocardial performance by the indices studied. Statistical analysis of the other groups is indicative only of trends and primarily shows that LV volume load is more likely to be associated with depressed myocardial performance than is LV pressure load in the patient group studied. It is not possible to separate patients with mild volume load from mild pressure load by these indices, as these patients have normal indices. Lesions with chronically decreased afterload, as patent ductus arteriosus in this study, tend to have increased indices.
